Background: Prolylcarboxypeptidase (PRCP) and prolyl endopeptidase (PREP) regulate proliferation and survival of breast cancer cells. Results: PRCP and PREP regulate IRS-1 stability and PI3K/AKT activation in pancreatic cancer cells. Depletion/inhibition of PRCP/PREP suppresses rapamycin-induced activation of PI3K/AKT with consequent additive/synergistic cytotoxicity. Conclusion: PRCP and PREP regulate IRS-1 stability and PI3K/AKT activation in pancreatic cancer. Significance: Prolyl peptidases are potential therapeutic targets in pancreatic cancer.
The phosphatidylinositol 3-kinase (PI3K) 4 /protein kinase B (PKB/AKT)/mammalian target of rapamycin (mTOR) pathway conveys signals from receptor tyrosine kinases (RTKs) to regulate metabolism, proliferation, survival, and motility of cancer cells (1) (2) (3) . Insulin receptor (IR) and insulin-like growth factor-1 receptor (IGF-1R) phosphorylate insulin receptor substrates (IRS) on tyrosines that recruit the PI3K p85 subunit to the cell membrane and subsequently activate the PI3K/AKT/ mTOR signaling cascade (4, 5) . Aberrantly activated PI3K/ AKT/mTOR pathway is a frequent feature in most cancers, making it a potential therapeutic target (1, 3) . Rapamycin, an inhibitor of mTORC1, was among the first inhibitors of the PI3K/AKT/mTOR pathway used for cancer treatment (2, 3) . Unfortunately, rapamycin has shown a very modest effect in randomized clinical trials, most likely due to the feedback loop that activates IRS-1 and PI3K/AKT (6 -8) .
Pancreatic adenocarcinoma is one of the most lethal cancers because of its late detection and resistance to conventional chemotherapy (9 -11) . Current targeted therapeutics have very limited effect on pancreatic cancer patients (9, (12) (13) (14) . Past research has linked insulin and IGF signaling to the tumorigenesis and progression of pancreatic cancer (15, 16) . The PI3K/AKT/mTOR pathway is downstream of IR/IGF-1R and is associated with development and clinical aggressiveness of pancreatic cancer (17) (18) (19) (20) .
Previously, we identified prolylcarboxypeptidase (PRCP) in a genetic screen for factors that can promote tamoxifen resistance in the MCF7 breast cancer cell line (21) . In that study, overexpression of PRCP promoted MCF7 proliferation and survival in the presence of tamoxifen, while knockdown or inhibition of PRCP had the opposite effect. PRCP is a serine peptidase of the prolyl peptidase family (22) that selectively cleaves the C-terminal proline peptide bond in its substrates. Another family member, prolyl endopeptidase (PREP), has a high degree of sequence similarity, and is phylogenetically close to PRCP (22) . PREP cleaves known PRCP substrates angiotensin (Ang) II/III and ␣-melanocyte stimulating hormone (MSH) (23, 24) , as well as neurotensin (NTS), cholecystokinin, and gastrin-releasing peptides (25) . These peptides are ligands for a number of G-protein coupled receptors (GPCR) such as angiotensin receptors and neurotensin receptors which can cross talk with IR/IGF-1R, and play a critical role in pancreatic cancer development in animal models (26, 27) . Based on these results, we hypothesize that PRCP and PREP regulate cell signaling in pan-
EXPERIMENTAL PROCEDURES
Antibodies and Chemicals-Goat anti-PRCP antibody has been described (28) . Mouse polyclonal anti-PRCP antibody was from Abcam, Inc (Cambridge, MA). Goat anti-human PREP antibody was from R&D Systems (Minneapolis, MN). Mouse anti-␤-actin antibody, rabbit anti-IRS-1 antibody, rabbit anti-IGF-1R antibody, and protein G Plus-agarose were from Santa Cruz Biotechnology. Rabbit anti-phospho-AKT (S437), rabbitanti-pan AKT, rabbit anti-phospho-IRS-1 (S636/639, S307), rabbit anti-phospho-p70S6K (T389), and p70S6K were from Cell Signaling Technology (Danvers, MA). Mouse anti-IRS-1, rabbit anti-PI3K p85 and rabbit anti-IR-␤ antibodies were from Millipore (Billerica, MA). MTT was from Sigma-Aldrich. Z-Pro-Prolinal (ZPP) was from Biomol, Inc (Plymouth Meeting, PA). Z-Gly-Pro-AMC was from Bachem (Torrance, CA).
Cells-Panc-1, PK-9 (a generous gift from Dr. H. Arafat), and Capan-1 (a generous gift from Dr. S. Batra) pancreatic cancer cell lines were maintained in Dulbecco's Modified Eagle's medium, 2 mM glutamine, 0.1 mM non-essential amino acids, 10 units/ml of penicillin, 10 g/ml of streptomycin (Invitrogen, Carlsbad, CA), supplemented with 10% fetal bovine serum (Sigma-Aldrich), 30 g/ml of fungin and 10 g/ml of plasmocin (InvivoGen, San Diego, CA).
Lentiviral Infection-The lentiviral pLKO-PRCP shRNA have previously described (21) . The lentiviral pLKO-PREP shRNA (puromycin resistant) were purchased from OpenBiosystems (clone ID TRCN0000050198 for PREP shRNA#1, TRC0000050199 for PREP shRNA#2). To generate hygromycin-resistant pLKO-PREP shRNA, a fragment of DNA that encompasses the PREP shRNA sequence was cut from the pLKO-PREP shRNA plasmid using the restriction sites KpnI and BamH1 and ligated to the pLKO-hygro vector digested with the same restriction enzymes. The lentiviral packaging and envelop vectors psPAX2 and pMD2G (Addgene plasmid 12260 and 12259 deposited by Dr. Didier Trono) and the pLKO-control shRNA (Addgene plasmid 1864 deposited by Dr. David M. Sabatini) (2) were obtained from Addgene plasmid repository. Lentiviral supernatants for the expression of shR-NAs were generated from 293FT cells, and psPAX2 (Addgene plasmid 12260) and pMD2.G (Addgene plasmid 12259) packaging and envelope vectors according to the OpenBiosystems protocol. Pancreatic cancer cells were infected and selected with puromycin and/or hygromycin for 10 to 14 days to establish polyclonal lines.
Plasmid DNA, Mutagenesis, and Transfection-Fulllength human PRCP (isoform A) gene was amplified from the described PFB-PRCP (21) construct and subcloned into pMSCV vector using XhoI and EcoR1 restriction sites. Enzyme-dead PRCP mutant was generated by substitution of Ser-179 and His-455 of the catalytic triad with alanine as described (29) by PCR using the QuickChange Site-directed Mutagenesis kit (Agilent Technologies). The primer sequence for S179A is ATTGCCATAGGAGGCGCCTATGGTGGC-ATGC and GCATGCCACCATAGGCGCCTCCTATGGC-AAT, and for H455A it is CGGAGATCTAAGTGGGC-GGCCCCCTCTGAGAT and ATCTCAGAGGGGGCCGC-CCACTTAGATCTCCG.
For transient expression of wild type and mutant PRCP, 10 6 Panc-1 cells were plated in 60-mm dishes for 24 h and then transfected with 5 g of plasmid DNA using Lipofectamine 3000 Reagent (Invitrogen) according to the manufacturer's instruction. The cells were harvested 72 h after transfection.
RNA Isolation and Real-time Quantitative PCR Analysis-Total RNA was prepared using RNAqueous-4PCR Kit (Ambion, TX); the first cDNA strand was synthesized using RETROscript kit (Ambion, TX). The manufacturers' protocols were followed in each case. The primers for qPCR were from the Primer Bank. The primers for PRCP (NM_005040) are TCTACACTGGTAATGAAGGGGAC and CCCACATGAA-CCCCGTGTTA. The primers for PREP (NM_002726) are GAGACCGCCGTACAGGATTAT and CCAGGCGTAAGG-GTCACAAA. The primers for IRS-1 are CTGCACAACCGT-GCTAAGG and CGTCACCGTAGCTCAAGTCC. The primers for GAPDH (NM_002046) are CATGAGAAGTATGACA-ACAGCCT and AGTCCTTCCACGATACCAAAGT. SYBR green PCR kit (Applied Biosystems) was used according to the manufacturer's instructions. AB7500 system (in 9600 emulation mode) was used as follows: activation at 95°C; 2 min, 40 cycles of denaturation at 95°C; 15 s and annealing/extension at 60°C; 60 s, followed by melt analysis ramping from 60°C to 95°C. The amplification efficiency was determined using a dynamic range of 5 log 10 concentrations (100, 10, 1, 0.1, and 0.01) of cDNA of control cells. The standard curves were established by log 10 cDNA concentrations against the log 10 Ct values. The relative expression of each gene was calculated from average Ct values of triplicates using the standard curve equation and normalized against the GAPDH gene.
Picogreen Staining of Cellular DNA-The cells underwent three rounds of standard freeze and thaw followed staining with Picogreen (1:200 dilution in TE (pH 8.0) buffer) as described (21) . The fluorescence intensity of Picogreen was determined using a BioTek Mx microplate reader with an excitation of 480 nm and an emission of 520 nm. The cell number in each well was calculated with a standard cell titration curve of Picogreenstained cell lysates.
Clonogenic Assay-250 cells were plated in a 60-mm plate and allowed to recover overnight. The cells were then treated with vehicle or drugs for 3 days. The cells were allowed to recover for 2 weeks, fixed with alcohol, and stained with crystal violet (2% w/v) or methylene blue (1% in 50% ethanol). Colonies were counted.
Analysis of Cell Viability and Apoptosis-Cells grown in 96-well plates were incubated in phenol red free culture medium containing 1.2 mM MTT (100 l/well) at 37°C for three to four hours as described (21) . The cells were then lysed by addition of 100 l of 10% SDS/0.01 M HCl to each well and incubation at 37°C for 12 h. The plates were read for absorbance at 570 nm by a microplate reader. To determine apoptosis, cells grown in 6-well plates were trypsinized, and fixed in 25% ethanol overnight, and stained with propidium iodide (25 g/ml, Calbiochem). Apoptosis was determined by flow cytom-etry on FACS Canto (Becton Dickinson), analyzed with Cell-Quest (Becton Dickinson) for subdiploid population.
Immunoprecipitations (IPs) and Immunoblot-IPs were performed in cell lysates prepared in 1% Triton X-100 lysis buffer using the indicated antibodies and protein G plus-agarose beads followed with SDS-polyacrylamide gel electrophoresis and immunoblotting carried out as described earlier (21) . The images were recorded by a BioSpectrum 500 Imaging System with LM-26 and Biochemi 500 Camera 1/1.2 (UVP, Upland, CA).
Determining Prolyl Endopeptidase Enzymatic Activity-Intracellular PREP activity is determined using the fluorogenic substrate Z-Gly-Pro-AMC as described (31) . Briefly, cells grown in a 100 mm dish were washed twice with phosphatebuffered saline (PBS), layered with 0.5 ml assay buffer (50 mM HEPES pH 7.5; 200 mM NaCl; 1 mM EDTA; 1 mM dithiothreitol (DTT)) and lysed by three cycles of thawing and freezing. The lysates were removed from the culture dishes by a cell scraper and centrifuged at 12,000 ϫ g for 10 min. 100 g of the clear supernatant in a 100-l volume was transferred into a well of a 96-well plate (black color) in triplicate and used immediately for PREP activity measurement. To measure the PREP activity, Z-Gly-Pro-AMC was added into the wells for a final concentration of 10 M. The substrate turnover was monitored continuously for 30 min at 360 nm excitation and 460 nm emission using a BioTek Mx microplate reader.
PI3K Kinase Assay-IRS-1-and p85-associated PI3K kinase activity was determined using the fluorescent substrate-based PI3K assay kit from Calbiochem (Billerica, MA). Briefly, 500 g of lysates were immunoprecipitated with anti-IRS-1 or anti-p85 antibodies. The immunoprecipitates (IPs) were resuspended in reaction buffer in a well of a 96-well plate with subsequent addition of BODIPY-TMR-phosphatidylinositol (PI) and ATP according to the manufacturer's instructions. The mixture was allowed to react at 37°C for 1 h and then incubated with the Sensor at room temperature for 1 h. The fluorescence was monitored at an excitation wavelength of 540 nm and an emission wavelength of 580 nm. IPs from lysis buffer is used as control. The difference (reduction) between the fluorescence intensity in the lysate IPs and control IPs is taken as relative PI3K activity.
Statistical Analysis-The statistical analysis for all the experiments was done by one way ANOVA followed two tailed t test. To analyze drug synergy, CompuSyn software was used according to the program's instructions.
RESULTS
PRCP and PREP Are Required for Proliferation and Survival of Pancreatic Cancer Cells-We previously identified PRCP as a regulator of proliferation and survival in MCF7 breast cancer cells (21) . We wished to test whether PRCP and its related family member PREP regulate proliferation and survival in pancreatic cancer cells. Three different pancreatic cancer cell lines were used: Panc-1, PK-9, and Capan-1. Initial studies showed all three cell lines express PRCP and PREP to comparable levels ( Fig. 1A ). Each cell line was treated with increasing doses of the pan PRCP and PREP inhibitor Z-Pro-Prolinal (ZPP), and cell viability measured 4 days later by MTT assay. As shown in Fig.  1B , each cell line showed a dose-dependent decrease in viable cells when treated with ZPP, suggesting inhibition of PRCP and PREP is toxic to pancreatic cancer cells.
To further test the role of PRCP and PREP in pancreatic cancer cells, we knocked-down each protein singly or in combination in each of the cell lines by infection with shRNA-encoding lentiviruses (scrambled-shRNA virus served as control). Proliferation of the control and knockdown (KD) cells was then assessed. Immunoblots confirmed PRCP and PREP were depleted in the single or double-knockdown (DKD) cells (e.g. Panc-1 cells, Fig. 2A ). Depletion of PRCP did not affect PREP expression, and vice versa ( Fig. 2A ). All the cell lines with depletion of PREP showed complete loss of the cellular prolylendopeptidase activity analyzed using the fluorogenic substrate Gly-Pro-AMC (data not shown), functionally confirming that the cellular PREP is efficiently depleted by the PREP shRNA. Panc-1 cells depleted of either PRCP or PREP had a slight decrease in proliferation ( Fig. 2B ). However, depletion of both PRCP and PREP resulted in a complete or near-complete block in proliferation ( Fig. 2B) . Similarly, knockdown of either PRCP or PREP in PK-9 and Capan-1 cells caused a slight reduction in proliferation, while simultaneous knockdown of both PRCP and PREP significantly decreased proliferation (Fig. 2B ). Transient (72 h) treatment with ZPP also reduced colony formation in Panc-1 cells (Fig. 2C ). The results suggest PRCP and PREP are required for proliferation and survival in pancreatic cancer cell lines. Finally, we wished to determine if the reduction in cell viability upon PRCP/PREP inhibition was associated with apoptosis. To this end, Panc-1 cells were treated with different doses of ZPP for 3 days and analyzed for apoptosis by propidium iodide (PI) staining and FACS analysis for the subdiploid cell population (32) . The results showed that ZPP induced apoptosis of Panc-1 cells in a dose-dependent manner (Fig. 2D) .
Depletion/Inhibition of PRCP and PREP Suppresses AKT Phosphorylation and PI3K Activity-Next we analyzed activation of mitogenic and survival signaling pathways in Panc-1 cells with or without depletion of PRCP and PREP. We focused on the PI3K/AKT pathway because aberrant activation of this pathway is strongly linked with pancreatic cancer cell survival and proliferation (17) (18) (19) (20) . AKT is activated by phosphorylation at serine 473 (Ser-473). We found that AKT phosphorylation at Ser-473 was slightly reduced in Panc-1, PK9, and Capan-1 cells with single knockdown of PRCP but not PREP, and was significantly reduced by depletion/knockdown of both PRCP and PREP (Fig. 3A) . On the other hand, transient overexpression of wild-type PRCP, but not the enzyme-dead mutant PRCP (29), increased phosphorylation of AKT ( Fig. 3B ). Inhibition of PRCP and PREP by ZPP also caused a decrease in AKT phosphorylation in all the three cell lines (Fig. 3C ). These findings indicate inhibition and/or knockdown of PRCP/PREP reduces levels of activated AKT in these cells. However, inhibition of AKT by the specific inhibitor MK2206 showed only modest reduction in Panc-1 cell viability by MTT assay (Fig. 3, D and E) , and MK2206 (10 M) did not induce apoptosis in Panc-1 cells (data not shown). These findings suggest reduced cell viability by PRCP/PREP knockdown or inhibition cannot be explained by AKT inhibition alone.
AKT activation is dependent on PI3K activity. To test if PRCP/PREP regulates PI3K, whole cell lysates of Panc-1 cells depleted of PRCP/PREP or treated with ZPP and controls were immunoprecipitated with anti-p85 (PI3K active subunit) antibodies. Whole cell lysates of Panc-1 cells treated with the chemical PI3K inhibitor LY294002 were also immunoprecipitated as a control. The resulting immunoprecipitates were then analyzed for PI3K by in vitro kinase assay. Immunoblots showed comparable levels of p85 were immunoprecipitated under each FIGURE 2. Depletion or inhibition of PRCP and PREP reduces pancreatic cancer cell proliferation and viability. A, whole cell lysates of Panc-1 cells with expression of scrambled shRNA (control), PRCP shRNA #1 or #2 (PRCP KD1 or KD2), PREP shRNA #1 or #2 (PREP KD1 or KD2), and expression of both PRCP shRNA #1 and PREP shRNA #1 (DKD) were immunoblotted for PRCP, PREP, and ␤-actin. B, Panc-1 (left), PK-9 (middle), and Capan-1 (right) cells with or without depletion of PRCP and/or PREP were grown in 96-well plates and harvested at the indicated days. Cellular DNA was stained with Picogreen, and average fluorescence signal from octuplicate was normalized to that harvested at day 1 and presented as a graph with standard deviation indicated (representative of three independent experiments). There are significant differences between control cells and the cells with depletion of PRCP and/or PREP (all p values are less than 0.005). C, Panc-1 cells in triplicate were treated with the indicated doses of ZPP for 3 days and recovered for 2 weeks. The average numbers of colonies formed on the plates were presented as a graph with standard deviation indicated (representative of three independent experiments). There are significant differences between ZPP (50 M and above, p Ͻ 0.01)-treated and vehicle (DMSO)-treated cells. D, Panc-1 cells in triplicate were treated with indicated doses of ZPP for 3 days. The cells were stained with PI and analyzed for the subdiploid population. The percentage of the subdiploid cells were presented as a graph with standard deviation indicated (representative of three independent experiments). There are significant differences between ZPP (50 M and above, p Ͻ 0.01)-treated and vehicle (DMSO)-treated cells. condition (Fig. 4A, upper) . The results showed that PI3K activity was significantly lower (p Ͻ 0.01) in the cells depleted of PRCP/PREP or treated with ZPP, and was completely inhibited in the cells treated with LY294002 ( Fig. 4A, lower) . To test if inhibition of PI3K affects cell viability, Panc-1, PK-9, and Capan-1 cells were treated with different doses of LY294002 for 4 days and subsequently analyzed by MTT assay. The results showed a dose-dependent reduction in viable cells in all the three pancreatic cancer cell lines treated with LY294002 ( Fig.  4B ). Inhibition of PI3K by LY294002 or another chemical PI3K inhibitor wortmannin reduced AKT phosphorylation (Fig. 4C) , demonstrating AKT is downstream of PI3K. LY294002 and wortmanin also caused a dose-dependent increase in apoptosis in Panc-1 cells (Fig. 4D) . The results indicate PI3K is important for the growth and survival of these cells, and that depletion or inhibition of PRCP/PREP may reduce pancreatic cancer cell viability and survival in part by the inhibition of PI3K.
PRCP and PREP Regulate IRS-1 Protein Stability-IRS proteins play an important role in activation of PI3K by recruiting the regulatory PI3K p85 subunit to the cell membrane (33) . Lysates from Panc-1, PK-9, and Capan-1 cells with or without depletion of PRCP/PREP were tested for IRS-1, IR, and IGF-1R by immunoblotting. IRS-1 levels were decreased in the cells depleted of PRCP and PREP while IR and IGF-1R protein level was unchanged (Fig. 5A) . In contrast, overexpression of wild type PRCP but not the enzyme-dead PRCP increased IRS-1 level (Fig. 5B ) These results suggest PRCP/PREP regulates expression of IRS-1 and not IR or IGF-1R. The IRS-1 mRNA level was not changed in the cells with depletion of PRCP and PREP by quantitative PCR analysis (data not shown), suggesting the PRCP and PREP regulate IRS-1 at the protein level. Since serine phosphorylation of IRS-1 promotes its degradation (34), we examined IRS-1 phosphorylation by immunoblotting. Specific phosphoserine antibodies for IRS-1 showed that phosphorylation of serine 636/639 and serine 307 was increased in the cells depleted of PRCP/PREP but not in the control Panc-1 cells (Fig. 5C ). In contrast, levels of tyrosine phosphorylated IRS-1 were decreased in IRS-1 immunoprecipitates (Fig. 5C, lower) , FIGURE 3 . Inhibition/depletion of PRCP and PREP decreases AKT phosphorylation. A, whole cell lysates of Panc-1, PK-9, and Capan-1 cells without (control) or with depletion of PRCP (PRCP KD), PREP (PREP KD), or both (DKD) were immunoblotted for phospho-AKT (Ser-437) and AKT B, Panc-1 cells were transiently transfected with vector, wild type PRCP, and enzyme-dead PRCP for 72 h, whole cell lysates were immunoblotted for phospho-AKT (Ser-437), total AKT, PRCP, and ␤-actin. C, Panc-1, PK-9, and Capan-1 cells were treated with ZPP (400 M) for 3 days. Whole cell lysates were immunoblotted for phospho-AKT (Ser-437) and total AKT. D, Panc-1 cells were treated with vehicle or MK2206 (10 M) for 24 h. Whole cell lysates were immunoblotted for phospho-AKT (Ser-437) and AKT. E, Panc-1 cells were treated in octuplicate with vehicle or MK2206 (10 M) for 3 days. MTT assay was performed, and average absorbance from octuplicate was normalized to vehicle-treated conditions and presented as a graph with standard deviation indicated. There is significant difference between vehicle-treated and MK2206-treated conditions (p Ͻ 0.05) (representative of three independent experiments). consistent with decreased total IRS-1. The half-life of IRS-1 but not IGF-1R was shortened in the cells depleted of PRCP and PREP (Fig. 5, D and E) , suggesting that the increased serine phosphorylation of IRS-1 induced by depletion of PRCP and PREP was accompanied by degradation of the IRS-1 protein.
Depletion or Inhibition of PRCP and PREP Blocks Rapamycininduced Feedback Increase of IRS-1 and Activation of PI3K/AKT, and Enhances Rapamycin-induced Cytotoxicity-IRS-1-PI3K-
AKT signaling activates mTOR, which then phosphorylates and activates the ribosomal protein S6 kinase (S6K1) to promote protein translation and growth (2, 35, 36) . However, activated S6K inhibits AKT signaling by promoting the phosphorylation and degradation of IRS-1. mTOR has been clinically tested as a therapeutic target for pancreatic cancer. However, inhibition of mTOR (e.g. by rapamycin) causes feedback activation of AKT by enhancing IRS-1-mediated activation of PI3K and AKT, diminishing the therapeutic effect of mTOR inhibitors (6, 37) . Our results suggest depletion or inhibition of PRCP/PREP promotes IRS-1 degradation. Therefore, we exam-ined if depletion or inhibition of PRCP and PREP would block rapamycin-induced activation of IRS-1 and AKT and enhance the cytotoxic effect of rapamycin. Panc-1 cells with or without depletion of PRCP and PREP were treated with vehicle or rapamycin for 2 days. In control cells, rapamycin treatment increased IRS-1 protein levels and phosphorylation of AKT (Fig. 6A ). Depletion of both PRCP and PREP blocked the rapamycin-induced increase in IRS-1 protein and AKT phosphorylation (Fig. 6A) . Interestingly, phosphorylation at serine 307 induced by PRCP/PREP depletion was blocked by rapamycin, whereas phosphorylation at serine 636/639 of IRS-1 was relatively unaffected (Fig. 6B ). Levels of pS6K were largely unchanged in the cells depleted of PRCP and PREP, suggesting mTOR remained active. The half-life of IRS-1 protein in rapamycin treated cells with depletion of PRCP and PREP was also shortened compared with rapamycin-treated control cells (Fig.  6, C and D) while mRNA levels remain similar (Fig. 6E) . These results suggest depletion of PRCP and PREP induces both mTOR/S6K-sensitive (Ser-307) and insensitive (Ser-636/639) , or LY294002 (50 M) for 2 days were immunoprecipitated with anti-p85 antibodies and analyzed for PI3K activity in triplicate and the immunoprecipitates were subsequently immunoblotted for p85 (top). The average PI3K activity was presented as a graph with standard deviation indicated (bottom). There are significant differences between control cells and DKD cells (p Ͻ 0.01) and between DMSO-treated cells and ZPP treated cells (p Ͻ 0.01) and Ly294002-treated cells (p Ͻ 0.001) (representative of three independent experiments) B, Panc-1, PK-9, and Capan-1 cells were treated with different doses of LY294002 for 4 days. The cells were analyzed with MTT assay, and the average relative absorbance was presented as a graph with standard deviation indicated. C, Panc-1 cells were treated with vehicle, LY294002 (50 M), or wortmannin (1 M) for 24 h. Whole cell lysates were immunoblotted for phospho-AKT (S473) and AKT. D, Panc-1 cells were treated with different doses of wortmannin or LY294002 for 4 days. The cells were stained with PI and analyzed for the subdiploid population. The percentage of the subdiploid cells were presented as a graph with standard deviation indicated. There are significant differences (p Ͻ 0.01) between vehicle-treated cells and the cells treated with wortmannin (0.5 M and 1 M) or LY2944002 (20 M and 50 M) (representative of three independent experiments).
phosphorylation of IRS-1, and subsequent IRS-1 degradation. Consistent with depletion of PRCP and PREP, ZPP also blocked the increase in IRS-1 levels and phosphorylation of AKT induced by rapamycin, while only modestly reducing levels of pS6K (Fig. 6F) .
To test if PRCP and PREP regulate rapamycin-induced activation of PI3K, Panc-1 cells with or without depletion of PRCP and PREP were treated with vehicle or rapamycin for 2 days and whole cell lysates immunoprecipitated with anti-IRS-1 or anti-p85 (PI3K active subunit) antibodies. The resulting immunoprecipitates were then analyzed for PI3K by in vitro kinase activity. The results showed that in control cells, the IRS-1-and p85-associated PI3K activity was increased in cells treated with rapamycin ( Fig. 7, A and B) , consistent with rapamycin causing feedback activation of IRS-1-PI3K. In the cells with depletion of PRCP and PREP, both the basal and rapamycin-induced activation of PI3K was significantly lower than that in control cells (Fig. 7, A and B) .
Because PRCP/PREP knockdown or inhibition reduced IRS-1 and pAKT levels in rapamycin-treated cells, we hypothesized that the combination of rapamycin and ZPP would show increased cytotoxicity (reduction in viable cells) by efficiently The lysates were also immunoprecipitated with anti-IRS-1 antibodies and immunoblotted for phospho-tyrosine and IRS-1. D, Panc-1 cells without or with depletion of PRCP and PREP were treated with cycloheximide (CHX, 10 g/ml) for the indicated time. Whole cell lysates were immunoblotted for IRS-1, IGF1R-␤, and ␤-actin. E, density of IRS-1 immunoblot was determined by densitometry, and the relative protein level from an average of three independent experiments was presented as a graph with standard deviation indicated.
blocking mTOR while inhibiting the feedback activation of AKT. To test this, Panc-1, PK9, and Capan-1 cells were treated with increasing doses of rapamycin in the absence or presence of ZPP for 4 days. Viability measurements (MTT assay) showed that rapamycin caused a dose-dependent reduction in viability in all three cell lines (Fig. 8, A, D, and G) . Importantly, combination rapamycin plus ZPP caused a more pronounced decrease in viable cells in each cell line (Fig. 8, A, D, and G) .
These results are consistent with the notion that PREP/PRCP inhibition can enhance the cytotoxic effect of rapamycin, most likely by inhibiting feedback activation of IRS-1 and AKT. ZPP also caused a dose-dependent reduction in viability in all three cell lines (Figs. 8, B, E, and H) . When combined with rapamycin a much more pronounced reduction in viability was observed. Notably, the effects of combining ZPP plus rapamycin appeared more than additive, so we conducted synergy test by treating FIGURE 6. Depletion/inhibition of PRCP/PREP blocks rapamycin-induced increase in IRS-1 and phosphorylation of AKT. A, Panc-1 cells without (control) or with (DKD) depletion of PRCP/PREP were treated with vehicle or rapamycin (10 nM) for 48 h. Whole cell lysates were immunoblotted for IRS-1, phospho-AKT (S473), AKT, and ␤-actin. B, whole cell lysates were also immunoblotted for IRS-1, phospho-IRS-1 (Ser-307 and Ser-636/639), phospho-p70S6K (Thr-389), p70S6K, and ␤-actin. C, cells were treated with rapamycin (10 nM) for 48 h and then CHX (20 g/ml) and pulse chased for 4 h. Whole cell lysates were immunoblotted for IRS-1 and ␤-actin. D, IRS-1 protein signal was quantified by densitometry and average relative protein level from three independent experiments was presented as a graph with standard deviation indicated. E, mRNA was also extracted from the cells with or without CHX treatment for 4 h and analyzed for IRS-1 gene expression by quantitative PCR. F, Panc-1 cells were treated with rapamycin (10 nM) in the presence or absence of ZPP (400 M) for 48 h. Whole cell lysates were immunoblotted for IRS-1, ␤-actin, phospho-AKT (Ser-473), and AKT.
Panc-1 and PK-9 cells with two doses of ZPP and rapamycin singly and combined and the dose effect was analyzed by Com-puSyn software. The results showed that combination of ZPP and rapamycin has synergistic effect (CIϽ1) on both Panc-1 ( Fig. 8C ) and PK-9 cells (Fig, 8F ).
DISCUSSION
The PI3K/AKT pathway is perhaps the most aberrantly activated signaling pathway in human cancer cells affecting a wide spectrum of cellular functions such as metabolism, proliferation, motility, and survival (1) (2) (3) . The PI3K/AKT pathway is activated by RTKs e.g. IR/IGF-1R which are involved in the development of different cancers including cancer of pancreas (5, 15, 26) . AKT activates mTOR that further phosphorylates its downstream targets ribosomal protein p70 S6 kinase (S6K1) and initiation factor 4E-binding protein-1 (4E-BP1) to control transcription and translation (2, 35, 36) . Notably, the mTOR pathway exerts a negative feedback on the upstream PI3K by down-regulating IRS and Grb10, important adaptor proteins for RTK signaling (6, 7, 38, 39) . Inhibition of mTOR releases this negative feedback loop and results in increased levels of IRS-1 protein and activation of PI3K/AKT (6 -8, 37) , which may counteract the therapeutic effect of the mTOR inhibitor rapamycin on tumors.
IRS-1 is an adaptor protein critical for cellular signaling downstream of IR/IGF-1R. IRS-1 is recruited to and tyrosinephosphorylated by the activated IR/IGF-1R. The phosphorylated tyrosines of IRS-1 interact with the PI3K p85 subunit and recruit PI3K to cell membrane for activation (40) . Genetic studies in mice on IRS-1 and its family member IRS-2 have demonstrated that IRS proteins are essential for insulin response via activation of cellular PI3K/AKT pathway (40) . Overexpression of IRS-1 has been found in a number of human tumors includ-ing pancreatic cancer and its overexpression is associated with tumor progression (33, 41) . Transgenic overexpression of IRS-1 and IRS-2 in mammary glands of mice can induce breast tumorigenesis and metastasis (42) .
Our study identifies PRCP and PREP as novel regulators of the PI3K/AKT pathway. Several lines of evidence lead to this conclusion. First, depletion or inhibition of PRCP and PREP caused proliferation arrest and apoptosis in three different pancreatic cancer cell lines ( Figs. 1 and 2) . Second, depletion or inhibition of PRCP and PREP also reduces AKT phosphorylation ( Fig. 3) . Third, depletion/inhibition of PRCP and PREP reduces cellular PI3K activity ( Figs. 4 and 7) .
Our results suggest PRCP and PREP regulate the PI3K/AKT pathway by stabilization of IRS-1 (Fig. 4) . Depletion/inhibition of PRCP and PREP destabilizes the IRS-1 protein and reduces IRS-1 associated PI3K activity. It is possible that PRCP and PREP regulate IRS-1 stability by suppressing serine phosphorylation because depletion/inhibition of PRCP/PREP induces phosphorylation of serine 307 and 636/639. Serine phosphorylation of IRS-1 is previously demonstrated to induce ubiquitination and proteosomal degradation of the IRS-1 protein (43) . Depletion of PRCP/PREP reduced the half-life of IRS-1, suggesting that PRCP/PREP maintain IRS-1 stability by suppressing serine phosphorylation and degradation of IRS-1. We speculate that PRCP/PREP cleaves neuropeptides to attenuate GPCR signaling which is shown to regulate IRS-1 serine phosphorylation and degradation (44) . Future study will clarify if GPCR signaling is required for serine phosphorylation and degradation of IRS-1 in PRCP/PREP depleted/inhibited cells.
The results suggest that PRCP and PREP are critical for the IRS-1-PI3K-AKT-mTOR signaling loop. Depletion/inhibition of PRCP/PREP led to loss of IRS-1 protein by degradation, which blocked rapamycin-mediated activation of PI3K/AKT. In control cells, rapamycin increased IRS-1 protein level and AKT phosphorylation (Fig. 5) , which is consistent with previous observations on release of mTOR-mediated feedback inhibition of PI3K/AKT by rapamycin (6) . Upon depletion or inhibition of PRCP and PREP, rapamycin failed to increase IRS-1 expression, most likely due to heightened serine phosphorylation and IRS-1 degradation in the PRCP/PREP deleted cells (Fig. 6 ). It is noteworthy that depletion of PRCP and PREP induced rapamycin-sensitive and insensitive phosphorylation of IRS-1. While phosphorylation of serine 307 induced by depletion/inhibition of PRCP/PREP was blocked by rapamycin, phosphorylation of serine 636/639 was largely unchanged. Previous study shows that serine 636/639 can be phosphorylated by S6K (43) . In the current study, rapamycin did not inhibit phosphorylation of serine 636/639 induced by depletion of PRCP and PREP, suggesting that besides S6K, PRCP and PREP may regulate additional kinases for the phosphorylation of serine 636/639. Notably, although depletion of PRCP and PREP induced phosphorylation of serine 307, it did not increase levels of activated S6K (P-p70S6K). Since serine 307 is phosphorylated by S6K downstream of mTOR, the results suggest that PRCP and PREP may inhibit S6K activity toward IRS-1 via an FIGURE 8. Inhibition of PRCP/PREP in combination with rapamycin leads to additive/synergistic cytotoxicity. A, D, G, Panc-1, PK-9, and Capan-1 cells were plated in 96-well plates. The cells in octuplicate were treated with different doses of rapamycin in the presence of vehicle or ZPP (25 M for Panc-1 and PK-9, 50 M for Capan-1) for 4 days. B, E, and H, cells were treated with different doses of ZPP in the presence of vehicle or rapamycin (0.25 nM) for 4 days. The cells were analyzed with MTT assay and the average relative absorbance was presented as graphs with standard deviation indicated. C and F, Panc-1 cells and PK9 cells were treated with two indicated doses of ZPP and rapamycin singly or combined. The dose effect was analyzed by CompuSyn software for drug synergy and presented as curves. All of the CI values are smaller than one in both Panc-1 and PK-9 cells indicating synergistic effects (representative of three independent experiments).
unknown mechanism, or may activate a phosphatase responsible for dephosphorylation of serine 307. The function of PRCP and PREP on IRS-1 appears critical for cell viability as rapamycin-induced cytotoxicity was enhanced by ZPP ( Fig. 8 ). IRS-1 can regulate a number of downstream effectors such as PI3K/ AKT, ERK, and MAP kinase. Since inhibition of PI3K was also toxic to Panc-1 cells, it is likely that PRCP and PREP regulate cell proliferation and survival in part through IRS-1-mediated activation of PI3K. We propose that PRCP and PREP inhibit the function of S6K and potentially other serine kinases on the phosphorylation and degradation of IRS-1. By doing so, PRCP and PREP promote the PI3K-AKT-mTOR pathway for cell proliferation and survival ( Fig. 9 ).
Our results suggest that inhibitors of PRCP and PREP may be potentially tested for treatment of pancreatic cancer. ZPP has an IC50 of 10 nM for cellular PREP (data not shown) while an IC50 of 10 M for recombinant PRCP (30), indicating ZPP is more selective for PREP. The significant cytotoxic effect of ZPP on pancreatic cancer cells can only be achieved at concentrations above 10 M, implicating that inhibition of both PREP and PRCP are required for cytotoxicity by the inhibitor. Future study will test if a PRCP specific inhibitor can also induce cytotoxicity or whether combination of a PRCP inhibitor with ZPP can effectively kill pancreatic cancer cells.
Pancreatic adenocarcinoma is an aggressive cancer with poor long-term survival. The PI3K/AKT/mTOR pathway plays a critical role in progression of pancreatic cancer. mTOR inhibitors have failed in clinical pancreatic cancer trials, most likely due to feedback activation of the IRS-1/PI3K/AKT pathway. In the current study, depletion or inhibition of PRCP/PREP blocked feedback activation of IRS-1/PI3K/AKT and enhanced cytotoxicity in mTOR inhibitor (rapamycin)-treated pancreatic cancer cells. Identification of prolyl peptidases as critical regulators of the IRS-1-PI3K-AKT-mTOR signaling loop in this study may help design more effective therapies for pancreatic cancer and other cancers dependent on this pathway.
